We report charge inversion, the sign reversal of the effective surface charge in the presence of multivalent counterions, for the biologically relevant regimes of divalent ions and mixtures of monovalent and multivalent ions. Using streaming currents, the pressure-driven transport of countercharges in the diffuse layer, we find that charge inversion occurs in rectangular silica nanochannels at high concentrations of divalent ions. Strong monovalent screening is found to cancel charge inversion, restoring the original surface charge polarity. An analytical model based on ion correlations successfully describes our observations. DOI: 10.1103/PhysRevLett.96.224502 PACS numbers: 47.57.jd, 66.90.+r, 68.08.ÿp Screening by counterions is of fundamental importance in mediating electrostatic interactions in liquids. For multivalent counterions (Z ions, where Z is the ion valency including the sign), a counterintuitive phenomenon is observed: Screening not only reduces the effective surface charge, but it can also actually cause it to flip sign. This socalled charge inversion (CI) has been proposed to be biologically relevant in, e.g., DNA condensation, viral packaging, and drug delivery [1]. CI is not explained by conventional mean-field theories of screening. Recently, an analytical model was proposed that assumes that Z ions form a two-dimensional strongly correlated liquid (SCL) at charged surfaces [2] . This effect is particularly strong for high Z, and was confirmed experimentally for Z 3 and 4 [3] . Experimental evidence has remained inconclusive for the cases Z 2 and mixtures of Z ions with monovalent ions [4] , both of which are biologically relevant given that K , Na , and Mg 2 are the most abundant cations in the cell. The main difficulty is that existing experimental probes become unreliable at high concentrations (*10 mM): Electrophoretic mobility measurements suffer from increasingly low signal to noise at higher salt, whereas surface force measurements are complicated by short-range forces.
Screening by counterions is of fundamental importance in mediating electrostatic interactions in liquids. For multivalent counterions (Z ions, where Z is the ion valency including the sign), a counterintuitive phenomenon is observed: Screening not only reduces the effective surface charge, but it can also actually cause it to flip sign. This socalled charge inversion (CI) has been proposed to be biologically relevant in, e.g., DNA condensation, viral packaging, and drug delivery [1] . CI is not explained by conventional mean-field theories of screening. Recently, an analytical model was proposed that assumes that Z ions form a two-dimensional strongly correlated liquid (SCL) at charged surfaces [2] . This effect is particularly strong for high Z, and was confirmed experimentally for Z 3 and 4 [3] . Experimental evidence has remained inconclusive for the cases Z 2 and mixtures of Z ions with monovalent ions [4] , both of which are biologically relevant given that K , Na , and Mg 2 are the most abundant cations in the cell. The main difficulty is that existing experimental probes become unreliable at high concentrations (*10 mM): Electrophoretic mobility measurements suffer from increasingly low signal to noise at higher salt, whereas surface force measurements are complicated by short-range forces.
In this Letter, we investigate CI in individual silica nanochannels at high ionic strength by employing streaming currents as a new method. A streaming current is an ionic current that results from the pressure-driven transport of counterions in the diffuse part of the double layer [5] , as illustrated in Fig. 1(b) . The Stern layer, where the SCL is formed, is generally accepted to be immobile [6] . Consequently, streaming currents provide a direct measurement of the effective surface charge at the diffuse layer boundary. The well-defined rectangular channel geometry allows for straightforward interpretation. Contrary to other methods, streaming currents remain a reliable probe of the surface charge at high salt, up to 1 M in our experiments. We report unambiguous CI by divalent ions at concentrations above 400 mM. Additionally, we resolve the effect of screening by monovalent salt. We find that monovalent ions reduce CI by high-Z ions, and even cancel CI entirely at sufficiently high monovalent ion concentrations. We successfully describe this behavior by an analytical model based on SCL theory. Nanochannels, 50 m wide and 4.5 mm long, were patterned between 1:5 1:5 mm 2 reservoirs using optical lithography, wet etched to a depth of 490 nm in fused silica, and sealed by a flat, fused-silica wafer with prefabricated holes using direct bonding (Micronit Microfluidics). Details of the experimental setup [ Fig. 1(a) ] and the streaming-current measurement procedure were described previously [5] . Streaming currents, generated by a known pressure gradient applied across the channel, were measured using Ag=AgCl electrodes. The measured streaming current was found to depend linearly on applied pressure. Examples for high (330 M) and low (33 M) CoSep concentrations [CoSep] are shown in Fig. 1(c) . The streaming conductance, S str , defined as the streaming current generated per unit applied pressure in the direction of the pressure-driven fluid flow, was clearly positive for CoSep 33 M, indicating an excess of positive ions in the diffuse layer, and thus a negative effective surface charge. For CoSep 330 M, the sign of S str was reversed, indicating a charge-inverted surface.
To establish streaming currents as a new technique for probing CI, we first turn our attention to the case of Z 3, for which CI is well understood both experimentally and theoretically. The dependence of S str on [CoSep] reveals a rapid decrease of S str from positive to negative values at low concentrations [ Fig. 2(a) ]. The sign change indicates that CI has occurred, and from the crossover point (inset) we estimate the charge inversion concentration, c 0 , to be 75-100 M. At higher [CoSep] , S str decreased more slowly, reached a minimum near 10 mM, and increased slightly at higher concentrations. The surface remained charge inverted up to the highest CoSep 415 mM. While the three independent data sets consistently show the same qualitative trends, some hysteretic behavior and variations between the measurements were observed, which were attributed to slightly varying surface properties and aging [7] . Similar effects were also seen in measurements with monovalent ions only.
Measurements of S str can be used to calculate the effective surface charge density , which can be readily compared to existing theoretical models and other experiments. We define b nZe, where b is the bare silica charge density, and n is the number density of Z ions in the Stern layer. The no-slip plane is taken to be the boundary between the diffuse and Stern layers. S str is calculated to be S str w R h 0 xuxdx, where h and w are the channel height and width, ux is the local fluid velocity per unit pressure, described by Poiseuille flow, and x is the local charge density in the diffuse layer, obtained from a numerical solution to the nonlinear Poisson-Boltzmann equation [5] . The resulting , plotted in Fig. 2(b We now compare the results of the streaming-current method for Z 3 with existing theory and measurements. SCL theory in the absence of screening [2] predicts that c 0 should behave as
where r ion is the ion radius, kT is the thermal energy, ÿe is the charge of an electron, and c is the chemical potential that accounts for the ion correlations, given by c ÿkT1:65ÿ ÿ 2:61ÿ 1=4 0:26 lnÿ 1:95 [9]. The interaction parameter, ÿ
, where 0 is the electrical permittivity, is a measure of the energy relative to kT that each ion gains upon the formation of a SCL. The condition ÿ 1 is required for the SCL model to be valid [2] . Besteman et al. [3] demonstrated that the dependence of c 0 on surface charge, dielectrical constant, and ion valence for Z 3 and 4 can be described by Eq. (1). They found a c 0 of 170-300 M for CoSep in aqueous solution on a silica bead, corresponding to b ÿ120 mC=m 2 and ÿ 5:7 [10] . Our data yield a similar value of c 0 : 75-100 M. This somewhat lower value can be explained by a slightly more negative b ÿ150 mC=m 2 , for which ÿ 6:4. Overall, our streamingcurrent results reproduce the findings for CI by trivalent ions well.
The reliability of streaming currents at high salt permits the study of CI by divalent ions, for which results have been inconclusive so far [4] . In addition to its clear relevance in biology, it is also interesting to investigate the role of correlations in regimes where ions are more weakly interacting (Z 2). Figure 3(a) shows our experimental demonstration of CI by two different divalent ion species, Ca 2 and Mg 2 , which exhibit similar behavior. Between 3:3 M and 1 M, S str decreased monotonically with salt concentration. We observed a sign reversal near 400 mM 
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224502-2 (inset), which is a clear indication of CI by divalent ions. c 0 was approximately 350 mM for Mg 2 and 400 mM for Ca 2 (inset). The small difference in the magnitude of S str between the two curves is within the typical range of reproducibility, and is not attributed to differences between the ion species, as it also appeared in the absence of either ion (at 0 M). The conversion of the S str data to [ Fig. 3(b) ] shows a nearly constant for both Mg 2 and Ca 2 below 30 mM, and a sharp increase at higher concentrations leading to CI above 400 mM. The scatter at low Ca 2 originates from saturation of the diffuse layer [8] .
To compare our data with SCL theory for Z 2, we naively apply Eq. (1) using b ÿ150 mC=m 2 [11] to yield ÿ 3:5 and c 0 47 mM [10] . This prediction for c 0 is an order of magnitude lower than what was measured, which cannot be reconciled by slightly adjusting b . The discrepancy between model and data confirms that the analytical SCL model is no longer valid for Z 2. Further improvements to theoretical models will be needed to accurately describe CI for Z 2.
High concentrations of monovalent ions (150 mM) are typically present at physiological conditions in biological systems. It is unclear how this affects CI [4] . Using the streaming current as a reliable probe of CI, we can now access this regime experimentally. The dependence of S str and on [KCl] in the presence of various CoSep (Z 3) concentrations is shown in Fig. 4 . Starting from a negative, charge-inverted value, S str was found to increase as a function of [KCl] , cross zero, reach a maximum between 50-300 mM KCl, and decrease at higher [KCl] . The observed dependence on [CoSep] is lost at 1 M KCl, where all curves converge. was constant for low [KCl] up to 1-10 mM [Fig. 4(b) ], and decreased sharply at higher concentrations where the screening length is dominated by the KCl (arrows). Upon approaching 1 M KCl, the decreasing trend in was reversed. For the physiological monovalent salt concentration of 150 mM, we found that CI did not occur, even for the highest investigated CoSep concentration of 1 mM.
We can compare our results with an existing SCL model that includes screening [12] . This model treats Z ions as point particles in a strongly correlated lattice at a distance d from the surface, with lattice vectors r j . Electrostatic screening is parametrized by the Debye screening length, ÿ1 , defined by 2
, where c i and Z i are the bulk concentration and valency of ionic species i, respectively. The electrostatic free energy, F, is expressed as 
where the parameter ZZ P counts for the repulsive interactions between Z ions and their image charges [12] . Minimizing F by solving @F @d 0 and @F @n 0 yields the solutions d F and n F , and thereby . Assuming a constant b ÿ150 mC=m 2 , we obtain 41 and 1041 mC=m 2 for 10 and 1000 mM KCl, respectively. This prediction of strongly enhanced CI is in direct contradiction with the CI suppression that we observe (Fig. 4) .
We can quantitatively improve the predictions of SCL theory in the presence of screening by including the entropy of mixing, id kT ln n 2cr ion , which was dropped from the original model for simplicity. This term accounts for the observed dependence of on the bulk Z ion concentration, c. Furthermore, we include 0 , the chemical potential difference between bulk and surface due to hydration and specific binding effects, and impose the extra condition d r ion . In equilibrium, the chemical potential difference between surface and bulk Z ions, , becomes @F @n dd F 0 kT ln n
where d F 0 is the maximum of d F and r ion [13] . Finally, n and are solved using Eqs. (2) and (3). This improved model [dashed lines in Fig. 4(b) ] successfully captures the [KCl] dependence of up to KCl 30 mM, including the concentration at which CI disappears. Note that we employ only one free fit parameter, 0 , which turns out to be & kT, and assume a constant b [11] . For KCl * 30 mM, the model predicts a rapid decrease of until b [outside the range of Fig. 4(b) ], whereas the measured decreases much slower to a minimum and never reaches b . At high monovalent salt concentrations, competition between monovalent and multivalent ions in the Stern layer [14] and the complexation of a Z ion with one of its counterions, effectively reducing the valence to Z ÿ 1 [15] , have been suggested to play roles. At 1 M KCl, monovalent screening in the Stern layer clearly dominates, as is independent of the Z ion concentration there (Fig. 4) . These effects-which occur only at high salthave not yet been described analytically, and our results provide an experimental base for future theoretical work. For intermediate salt concentrations, the SCL model, including screening and the entropy of mixing, describes the monovalent ion dependency of CI quite satisfactorily.
In conclusion, we have demonstrated the method of streaming currents to be an excellent probe of charge inversion. We have exploited this technique to experimentally access the regime of high salt concentrations. We find that charge inversion occurs for high concentrations of divalent ions. Monovalent screening suppresses charge inversion and even cancels it at high salt concentrations, including physiological conditions. An analytical model, based on the strongly correlated liquid picture, describes this effect well for low and intermediate salt levels if the entropy of mixing is included. At higher concentrations, screening of the bare surface charge becomes dominated by monovalent ions in the Stern layer.
